Sphingolipids are a diverse class of essential cellular lipids that function as structural membrane components and as signaling molecules. Cells acquire sphingolipids by both de novo biosynthesis and recycling of exogenous sphingolipids. The individual importance of these pathways for the generation of essential sphingolipids in differentiated cells is not well understood. To investigate the requirement for de novo sphingolipid biosynthesis in adipocytes, a cell type with highly regulated lipid metabolism, we generated mice with an adipocyte-specific deletion of Sptlc1. Sptlc1 is an obligate subunit of serine palmitoyltransferase, the enzyme responsible for the first and rate-limiting step of de novo sphingolipid biosynthesis. These mice, which initially developed adipose tissue, exhibited a striking age-dependent loss of adipose tissue accompanied by evidence of adipocyte death, increased macrophage infiltration, and tissue fibrosis. Adipocyte differentiation was not affected by the Sptlc1 deletion. The mice also had elevated fasting blood glucose, fatty liver, and insulin resistance. Collectively, these data indicate that de novo sphingolipid biosynthesis is required for adipocyte cell viability and normal metabolic function and that reduced de novo sphingolipid biosynthesis within adipocytes is associated with adipocyte death, adipose tissue remodeling, and metabolic dysfunction.
Sphingolipids are a diverse family of cellular lipids that carry out essential functions both as membrane components and as signaling molecules (1) . Within plasma membranes, the complex sphingolipids, sphingomyelin and the glycosphingolipids, are localized in rafts and caveolae, which are membrane domain structures involved in cellular transport and signal transduction. Sphingolipid metabolites, sphingosine, sphingosine 1-phosphate (S1P), 3 and ceramide, are bioactive and alter cell activity through interaction with intracellular targets and cellsurface receptors.
Cells acquire sphingolipids intrinsically by de novo biosynthesis and extrinsically by uptake and recycling of exogenous sphingolipids ( Fig. 1A) (1). The de novo biosynthesis of sphingolipids is initiated by the endoplasmic reticulum-localized enzyme serine palmitoyltransferase (SPT) through the condensation of serine and fatty acid CoA to yield 3-ketosphinganine, the first step in the biosynthesis of sphingoid bases (Fig. 1A) . A sequence of three additional reactions produces ceramide, which serves as the membrane anchor for plasma membrane sphingolipids, sphingomyelin, and glycosphingolipids. Extracellular sphingolipids, which are carried by lipoproteins (VLDL, LDL, and HDL) and serum albumin, can be taken up by cells and catabolized in lysosomes to generate sphingosine (2) . Degradation of sphingolipids may also occur extracellularly, with subsequent cellular uptake of sphingosine (3, 4) . Intracellularly, through the formation of S1P and its subsequent dephosphorylation, the sphingosine backbone can be recycled for the biosynthesis of ceramide and other sphingolipids. The relative importance of the processes by which cells acquire sphingolipids in vivo is not well understood.
Adipocytes employ highly regulated lipid metabolic pathways to carry out their unique functions in the regulation of systemic metabolism (5) . These pathways include de novo fatty acid biosynthesis, triglyceride storage and hydrolysis, and fatty acid oxidation. Elevated levels of sphingolipids in adipose tissue have been generally linked to metabolic dysfunction, obesity, and diabetes (5) (6) (7) (8) . However, the function of the de novo biosynthesis of sphingolipids in normal adipocyte biology is unknown.
To directly identify a role for de novo sphingolipid biosynthesis in adipose tissue physiology and metabolism, we generated a mouse model in which SPT was knocked out specifically in adipocytes. Mice with adipocyte-specific deletion of SPT (adipoSPTko) exhibited age-dependent loss of adipose tissue mass. The adipoSPTko adipose tissue displayed evidence of adipocyte death, macrophage infiltration, and fibrosis. Furthermore, the adipoSPTko mice had lipid accumulation in the liver, as well as impaired glucose removal and insulin resistance.
These results demonstrate that the de novo sphingolipid biosynthesis pathway is required for adipocyte survival and normal metabolic function.
Results
Generation of adipoSPTko Mice-The SPT holoenzyme is composed of two large subunits, encoded by Sptlc1 and either Sptlc2 or -3, and one small subunit, encoded by either Sptssa or Sptssb (1, 9) . To ensure the cellular abrogation of SPT activity without the possibility of substitution by redundant subunits, mice were generated carrying a floxed Sptlc1 allele (Sptlc1 fl ). A schematic of the targeting vector depicting the homology arms, the Sptlc1 exons 4 and 5, the LoxP and FLP recombinase target (FRT) sequences, and the neomycin gene is shown in Fig. 1B . After gene targeting (Fig. 1, B and C) and generation of mice carrying the targeted Sptlc1 fl(neo) allele, the neomycin gene flanked with FRT sites was removed by crossing these mice with FLP recombinase transgenic mice (10) , yielding mice with the Sptlc1 fl allele (Fig. 1B) .
Through breeding Sptlc1 fl mice with mice carrying the EIIA-Cre transgene (11) , exons 4 and 5 of Sptlc1 were deleted in the germ line. When mice heterozygous for the deletion were interbred, no viable mice homozygous for the deletion were obtained from a total of 92 offspring (35 Sptlc1 fl/fl ; 57 Sptlc1 fl/Ϫ ; 0 Sptlc1 Ϫ/Ϫ ), indicative of embryonic lethality that was demonstrated previously by the global deletion of SPT (12) .
To generate adipocyte-specific Sptlc1-deficient mice (adipoSPTko), mice carrying the Cre gene under the control of the Adipoq promotor (13) were used to generate Sptlc1 fl/fl mice expressing the Cre recombinase in adipocytes. Levels of Sptlc1 mRNA were significantly reduced in interscapular brown adipose tissue (BAT) and inguinal fat of adipoSPTko mice compared with Sptlc1 fl/fl controls ( Fig. 1D ). However, levels of Sptlc1 mRNA were similar in the liver in the two groups of mice ( Fig. 1D ), consistent with a specific disruption of Sptlc1 in adipose tissue.
To determine the effect of the Sptlc1 deletion on total sphingolipid amounts in adipose tissue, levels of sphingoid bases, ceramides, and sphingomyelins were determined by mass spectrometry analysis in gonadal adipose tissue from 4-week-old mice. Some individual ceramide species were significantly reduced in adipoSPTko adipose tissue compared with controls (Sptlc1 fl/fl ), including the de novo species C 16 -dihydroceramide ( Fig. 2A ), although the total ceramide level did not show a statistically significant decrease ( Fig. 2A, inset) . Several sphingomyelin species were significantly reduced in adipoSPTko adipose tissues (Fig. 2B ), leading to a statistically significant reduction in total sphingomyelin (Fig. 2B, inset) . S1P and dihydroS1P levels were significantly reduced in adipoSPTko adipose tissue compared with controls ( Fig. 2A) . Similarly, in adipose tissue from 5-month-old adipoSPTko mice, significant reductions in the levels of ceramide species (Fig. 2C ), in both specific species (Fig. 2D ), and in the total levels of sphingomyelin ( Fig. 2D , inset) was present. The levels of triglycerides, free fatty acids, and phosphatidylcholine (normalized to DNA) in gonadal adipose tissue were not significantly different between 4-week-old adipoSPTko mice compared with controls ( Fig. 3 , A-C).
Reduced Adiposity in adipoSPTko Mice-At 1 month of age, adipoSPTko mice were not significantly different from Sptlc1 fl/fl controls in their total fat or lean weight when expressed as a percentage of total body weight ( Fig. 4A ). Likewise, the weights of individual fat depots (gonadal, inguinal, and interscapular BAT), as well as liver, expressed as a percentage of body weight were not significantly different between the two groups ( Fig. 4B ). However, by 4 months of age, the total body fat and lean weight percentages of the adipoSPTko mice were significantly different from those of controls, with the adipoSPTko mice exhibiting a lower fat and higher lean weight percentage (Fig. 4C ). The absolute total lean weights were not significantly different between the adipoSPTko mice and controls (data not shown). In the 4-month-old adipoSPTko mice, the weights of the gonadal, inguinal, and brown fat depots were significantly reduced, whereas liver weight was significantly increased, com-pared with control mice (Fig. 4 , D-F). The food consumption of adipoSPTko mice, both 4-week-old and 4-month-old, was similar to controls ( Fig. 4G) .
Histologically, the gonadal adipose tissue from 1-month-old adipoSPTko mice was similar to Sptlc1 fl/fl control tissue ( Fig.  5A , left panels). However, by 5 months of age, adipoSPTko adipose tissue showed an increase in the proportion of smaller adipocytes compared with age-matched control mice ( Fig. 5A , right panels). Quantification of the cell size revealed an increase in the fraction of smaller diameter adipocytes in the 5-monthold adipoSPTko mice compared with 5-month-old control mice (Fig. 5, A and B) .
We tested the capability of stromal vascular fraction (SVF) cells, a source of pre-adipocytes, isolated from gonadal adipose tissue of 3-month-old Sptlc1 fl/fl control and adipoSPTko mice to differentiate to adipocytes in vitro. As assessed by Oil Red O staining, adipocyte differentiation of the control and adipoSPTko pre-adipocytes was similar after 8 days in culture ( Fig. 5, C and D) . The mRNA expression levels of adipogenic markers (Ppar␥, aP2, perilipin, and adiponectin) in control and adipoSPTko adipocyte cultures were also similar. However, as expected, Sptlc1 mRNA levels in adipoSPTko adipocytes were significantly reduced compared with controls ( Fig. 5E ).
Adipocyte differentiation as assessed by Oil Red O staining was not significantly different between control and adi- poSPTko SVF cells when charcoal-treated FBS was substituted for complete FBS in the culture medium ( Fig. 5F ). Together, these in vivo and in vitro results suggest that adipocyte differentiation in adipoSPTko mice is similar to that in control mice and that the reduced adiposity in adipoSPTko mice is due to the loss of adipose tissue rather than impaired adipocyte differentiation.
Evidence of Adipocyte Death, Macrophage Infiltration, and Tissue Remodeling-We next examined the changes in adipose tissue as the adipoSPTko mice aged to determine the underlying mechanism of the adipose tissue loss. Immunostaining of adipose tissue sections with the macrophage marker Mac-2 revealed an increase in the presence of macrophages in adi-poSPTko mice compared with Sptlc1 fl/fl control mice ( Fig. 6A ). Crown-like structures, in which dead adipocytes are surrounded by infiltrating macrophages, were noted around some adipocytes in 2-month-old adipoSPTko mice, while in 5-month-old adipoSPTko mice the majority of adipocytes were completely surrounded by macrophages ( Fig. 6A ), suggesting that massive cell death had occurred. We also examined adipocytes for the expression of perilipin, which labels lipid droplets of viable adipocytes. Perilipin loss around the lipid droplet has been reported to be another indicator of adipocyte death (14) . Immunostaining with perilipin antibodies demonstrated an age-dependent increase in lipid droplets without perilipin coverage in adipoSPTko adipose tissue ( Fig. 6B, asterisks) , in contrast to the uniform perilipin coverage of adipocyte lipid droplets in control mice.
Fibrosis in adipose tissue is often associated with adipocyte death and immune cell infiltration into adipose tissue, and it can be detected by Sirius Red staining (15) . AdipoSPTko adipose tissue exhibited substantially more Sirius Red staining than control tissue; Sirius Red staining was especially prominent in the older mice ( Fig. 6C ).
Ultrastructure analysis of adipose tissue from 2-month-old mice revealed the presence of normal-appearing caveolae on the , and free fatty acid (FFA) (C) levels of gonadal adipose tissue extracts, normalized to DNA, were determined in 4-week-old mice, n ϭ 3 mice per genotype. Free fatty acid (D) and glycerol (E) levels were determined in the serum from 3-month-old mice, n ϭ 5 control, and n ϭ 7 adipoSPTko. F, sphingomyelin levels were determined in serum (4-week-old mice, n ϭ 6 each genotype). Data represent means Ϯ S.D. Student's t test, ***, p Ͻ 0.001. plasma membrane of adipoSPTko adipocytes. Quantitation of caveolae indicated slightly lower numbers on adipoSPTko adipocytes compared with control adipocytes (p ϭ 0.07) ( Fig. 6 ,Dand E).
We also assessed adipose tissue from 5-month-old Sptlc1 fl/fl control and adipoSPTko mice for inflammatory changes using an inflammatory gene expression panel. Compared with control mice, the adipoSPTko mice showed significant changes in mRNA levels for a number of inflammatory genes, including increased mRNA levels of TNF and several macrophage/monocyte chemokines (Ccl2/MCP1, Ccl3/MIP-1␣, Ccl4/MIP-1␤, Cxcl2/MIP-2, and Ccl22) ( Fig. 6F ), all of which are factors that are important for macrophage infiltration into adipose tissue (16 -18) . Collectively, these results suggest that the absence of de novo sphingolipid biosynthesis in adipoSPTko mice causes adipocytes to die, leading to infiltration of macrophages, inflammation, tissue remodeling, and extensive fibrosis.
Altered Metabolic Profile in adipoSPTko Mice-The adipokines leptin and adiponectin were both significantly decreased in the serum of 4-month-old adipoSPTko mice compared with Sptlc1 fl/fl controls, whereas the cholesterol, triglyceride, free fatty acid, and glycerol concentrations were not significantly changed (Figs. 3, D and E, and 7A). Serum sphingomyelin levels were slightly decreased in the adipoSPTko mice compared with controls ( Fig. 3F ). Oil Red O staining of the liver indicated increased lipid accumulation in adipoSPTko mice when compared with control mice (Fig. 7B ), suggesting that the liver was utilized as an alternative lipid storage site as a result of the loss of adipose tissue, and it is consistent with the liver enlargement observed in adipoSPTko mice ( Fig. 4D) (19) . Glucose tolerance tests and insulin tolerance tests demonstrated decreased insulin sensitivity and impaired glucose removal in adipoSPTko mice compared with control mice (Fig. 7, C and D) . Cold tolerance testing in which the mice were exposed to 4°C for 8 h indicated that the adipoSPTko mice could maintain their body temperature similarly to controls (Fig. 7E ).
Discussion
In this study, we have demonstrated that de novo sphingolipid biosynthesis has an essential function for adipocyte survival. After deletion of Sptlc1, the sole non-redundant subunit of SPT, in adipocytes, adipose tissue was initially similar to that in control mice as assessed by total mass and histology. The presence of normal stores of adipose tissue in 1-month-old adipoSPTko mice, along with the normal capabilities for in vitro differentiation of stromal vascular precursors from the adipoSPTko mice into adipocytes, suggests that adipocyte development was largely unaffected in adipoSPTko mice. By 4 months of age, adipose tissue depots in adipoSPTko mice were significantly reduced compared with controls. The decreased adipose tissue mass was most likely the result of adipocyte death in adipoSPTko mice, as evidenced by the absence of normal perilipin staining surrounding lipid droplets and by the presence of crown-like structures in adipose tissue of 5-monthold mice. The death and degeneration of adipocytes are believed to provoke macrophage infiltration, which functions in the clearance of lipid and adipocyte debris and allows for extracellular matrix remodeling (14, 16 -18) . In line with this scenario, extensive fibrosis was observed in adipose tissue of 5-month-old adipoSPTko mice.
Reducing the levels of ceramides generated through the de novo pathway has been associated with improved metabolic function in models of insulin resistance, diabetes, and obesity (20) . Pharmacological inhibition of de novo sphingolipid biosynthesis has led to reduced adipose tissue mass, smaller adipocytes, and improved insulin sensitivity (21) . Conversely, increased ceramide levels have been linked to obesity and metabolic dysfunction conditions that have been linked to adipocyte death (22) (23) (24) (25) . In this light, our results showing that reduction in the de novo biosynthesis of ceramide increases adipocyte death and impairs metabolic function may not have been expected. However, our studies did not examine the pathological conditions of obesity and diabetes, where ceramide in excess may adversely affect metabolic function. Our results do show that under normal homeostatic circumstances, de novo sphingolipid biosynthesis is required for adipocyte survival and proper systemic metabolic function.
The essential requirement for de novo sphingolipid biosynthesis in adipocytes contrasts with some other cell types, where the pathway is apparently dispensable. An adult liver-specific Sptlc2 knock-out mouse, which had an almost complete SPT deficiency, exhibited reduced ceramide and sphingomyelin in both liver and plasma, but it displayed no apparent adverse effect on the liver (26) . Likewise, deletion of Sptlc2 in macrophages did not alter their polarization, inflammatory capability, or number in mice fed a high-fat diet (27) . The requirement for de novo biosynthesis in adipocytes indicates that they are unable to acquire sufficient sphingolipids through alternative uptake and recycling pathways for cell survival. This may indicate that adipocytes have an essential requirement for de novo synthesized sphingolipids because of their unique physiology. Adipocytes must respond rapidly to systemic energy conditions by reduction or expansion in size commensurate with increased lipid storage or lipid mobilization. Changes in adipocyte size can occur rapidly, which may demand the acute increase of de novo sphingolipid biosynthesis to maintain the proper lipid composition in the plasma membrane (5) . Up to 30% of the plasma membrane surface of adipocytes is composed of caveolae, which are membrane domains enriched in cholesterol and sphingolipids imparting a "detergent-resistant" characteristic (5, 28) . Adipocytes take up and release fatty acids, which are mild detergents, as one of their major functions. Therefore, the detergent-resistant sphingolipid domains may protect the adipocyte membrane from the deleterious effects of exposure to high concentrations of fatty acids during their transport and metabolism, as has been shown for the caveolae themselves (28) .
Mice globally lacking sphingomyelin synthase 1 (Sms1) (29) have been shown to have reduced sphingomyelin levels in adipose tissue and a strikingly similar phenotype to the adipoSPTko mice described here in that they exhibit an agedependent reduction of adipose tissue mass, with evidence of adipocyte cell death. It was inferred that ceramide accumu- lation, due to the block in conversion to sphingomyelin, was responsible for the phenotype. However, our results indicate that the reduction of sphingolipids, which includes both sphingomyelin and ceramide, yields a similar phenotype. Taken together, the results from the Sms1-null mice and the adipoSPTko mice suggest that the reduction of sphingomyelin may be a potential cause of this shared phenotype.
With their severe adipose tissue loss and insulin resistance, the adipoSPTko mice exhibit a form of lipodystrophy. Genes involved in adipogenesis, lipid metabolism, and caveolae formation have been identified as causing familial lipodystrophies in humans (30) . Our findings suggest that conditions that reduce the de novo production of sphingolipids may also be potential causes of congenital lipodystrophies.
Experimental Procedures
Mouse Generation and Procedures-All mouse experiments were approved by the Animal Care and Use Committee of the National Institutes of Health, NIDDK.
To generate Sptlc1 fl mice, an Sptlc1 gene targeting vector was constructed to flank exons 4 and 5, which encode part of the active site, with LoxP sites 973 bp apart. A short homology (ϳ2 kb) arm extended 5Ј to exon 4 and a long homology arm (ϳ5.7 kb) was located 3Ј to exon 5. The neomycin (neo) gene was present between the short homology arm and exon 4 and was flanked by FRT sequences. A schematic of the targeting vector is shown in Fig. 1B . The targeting vector was linearized and transfected by electroporation into hybrid embryonic stem cells (Ingenious Targeting Laboratory, Ronkonkoma, NY). Following selection with G418, surviving clones were expanded and tested by PCR for identification of the positive clones, which were then confirmed by Southern blotting (Fig. 1C) . Confirmed clones were microinjected into C57BL/6 mouse blastocysts to obtain germ line transmission. The generated chimeras and subsequently their offspring were genotyped to determine the presence of the Sptlc1 fl(neo) gene. Subsequently, to avoid interference with endogenous gene transcription, the neomycin gene was eliminated in the germ line by crossing the Sptlc1 fl(neo) mice with mice expressing FLP recombinase (The Jackson Laboratory, Bar Harbor, ME). Additional genotyping was performed using PCR to confirm the absence of the neomycin gene. The following primers were used for PCR to distinguish the WT Sptlc1 from the Sptlc1 fl allele: 5Ј-GGG TTC TAT GGC ACA TTT GGT AAG-3Ј (forward primer), and 5Ј-CTG TTA CTT CTT GCC AGT GGA C-3Ј (reverse primer), which generate products of 350 bp (WT) and 425 bp (Sptlc1 fl ).
To globally delete the Sptlc1 gene, mice carrying Sptlc1 fl were crossed with mice expressing EIIA-Cre (stock no. 003724, The Jackson Laboratory). The recombined Sptlc1 knock-out allele was identified by PCR using 5Ј-CAGAGCTAATGGAAAGGT-GTC-3Ј (forward primer) and 5Ј-CTG TTA CTT CTT GCC AGT GGA C-3Ј (reverse primer), which generate a product of 315 bp.
To generate adipoSPTko mice, mice carrying Sptlc1 fl were crossed with mice expressing adipoq-Cre (13) (stock no. 010803, The Jackson Laboratory). The adipoSPTko mice were Sptlc1 fl/fl carrying one adipoq-Cre allele. Controls were littermate Sptlc1 fl/fl mice. The Sptlc1 fl allele was detected as described above. The adipoq-Cre allele was detected by PCR with the following primers: 5Ј-GCCTGCATTACCGGTC-GATGC-3Ј (forward primer), and 5Ј-CAGGGTGTTATA-AGCAATCCC-3Ј (reverse primer), which generate a product of ϳ500 bp.
RNA Expression Analysis-Total RNA from mouse BAT, gonadal fat, inguinal fat, and liver was purified using the RNeasy lipid tissue mini kit (Qiagen, Valencia, CA) or TRIzol (Thermo Fisher Scientific, Waltham, MA). For real time quantitative PCR (RT-qPCR), total RNA was first digested with DNase I and subsequently reverse-transcribed with the First-strand cDNA Synthesis System for Quantitative RT-PCR (Origene, Rockville, MD) following the manufacturer's instructions. mRNA expression levels were determined using predesigned Assayon-Demand probes and primers (Applied Biosystems, Foster City, CA) for mouse Sptlc1 (Mm00447343_m1) and Gapdh (Mm99999915_g1). The primers and method used for quantitative RT-qPCR assays to detect mRNAs isolated from adipocyte cultures have been described (31) .
For the inflammatory gene expression panel, DNase-treated RNA was reverse-transcribed with RT2 First Strand (Qiagen), and expression was determined by using Mouse Inflammatory Response and Autoimmunity RT2 Profiler PCR Arrays (Qiagen). Expression analysis was performed on an ABI Prism 7700 sequence detection system (Applied Biosystems, Waltham, MA).
SVF Cell Isolation and Adipocyte Differentiation-Gonadal adipose tissue from 3-month-old Sptlc1 fl/fl control and adi-poSPTko mice was minced and subjected to collagenase (1 mg/ml) digestion at 37°C for 45 min in buffer containing 0.123 M NaCl, 5 mM KCl, 1.3 mM CaCl 2 , 5 mM glucose, 100 mM Hepes, and 4% BSA, filtered through a 100-m nylon screen, and centrifuged at 150 ϫ g for 5 min at room temperature. Cell pellets were washed twice and resuspended in DMEM containing 25 mM glucose, 20% FBS, 20 mM Hepes, and 1% penicillin/streptomycin. Culture medium was changed daily. For differentiation assays, confluent stromal vascular cells were stimulated with culture medium containing 10% FBS (defined or charcoaltreated; HyClone Laboratories, Logan, UT), 100 units/ml penicillin, 100 g/ml streptomycin supplemented with 0.5 mM isobutylmethylxanthine, 125 M indomethacin, 5 M dexamethasone, 20 nM insulin, 1 nM triiodothyronine, and 1 M rosiglitazone for 48 h and then subsequently cultured in maintenance medium containing 10% FBS, 1 M rosiglitazone, 20 nM insulin, and 1 nM triiodothyronine. To quantify the extent of adipocyte differentiation, lipid accumulation was determined by staining cells with Oil Red O. The dye was extracted with isopropyl alcohol, and the absorbance was measured at 520 nm.
Histology-Tissues were fixed in 10% buffered formalin. Liver was embedded in OCT medium, sectioned, and stained with Oil Red O. Gonadal adipose tissue was embedded in paraffin for H&E staining and immunohistochemistry. Formalin-fixed and paraffin-embedded sections (5 m) were dewaxed and rehydrated. After heat-induced epitope retrieval, sections were incubated with anti-Mac-2 (1:100, mouse monoclonal (A3A12), catalog no. ab2785, Abcam, Cambridge, MA) or anti-perilipin A (1:1000, rabbit polyclonal, catalog no. ab3526, Abcam) antibodies overnight at 4°C. Immunohistochemical detection was performed with the Mouse on Mouse ImmPRESS TM peroxidase polymer kit (catalog no. MP-2400, Vector Laboratories) for Mac-2 or the ImmPRESS TM Excel anti-Rabbit Ig peroxidase staining kit (catalog no. MP-7601, Vector Laboratories) for perilipin A, strictly following the manufacturer's protocols. Sections were counterstained with hematoxylin (catalog no. H-3401, Vector Laboratories) and mounted with VectaMount Medium (catalog no. H-5000, Vector Laboratories). Histology and immunohistochemistry slides were examined on a Leica DMLB microscope.
Transmission electron microscopy of adipose tissue samples was performed as described (32) . Caveolae were quantitated from transmission electron micrographs using the ImageJ software package (33) . Plasma membrane connected caveolae were counted and normalized to plasma membrane surface area, as measured with the free-hand line selection tool.
Adipocyte Size Determination-Adipocyte sizes were obtained from representative bright field digital micrographs of H&E-stained gonadal adipose tissue. Using the ImageJ software package (33) , each adipocyte was outlined using the freehand selection tool, the perimeter of each adipocyte calculated with the measure tool, and the diameter was obtained. At least 119 adipocytes were measured per sample.
Metabolic Studies-Body composition was assessed in nonanesthetized mice by EchoMRI 3-in-1 analyzer (EchoMRI, Houston, TX). Concentrations of leptin and adiponectin in serum collected from randomly fed mice were determined using a radioimmunoassay kit according to the manufacturer's instructions (Millipore, Darmstadt, Germany). Serum triglycerides (Pointe Scientific Inc., Canton, MI), free fatty acids (Roche Diagnostics, Penzberg, Germany), glycerol (BioVision, Milpitas, CA), sphingomyelin (Cayman Chemical, Ann Arbor, MI), and cholesterol (Thermo Scientific) levels were measured by colorimetric assays according to the manufacturer's procedures. Blood glucose was measured by using a Glucometer Contour (Ascensia, Basel, Switzerland). Glucose and insulin tolerance tests were performed in mice fasted overnight or randomly fed mice, respectively, as described previously (34) . Food intake was measured automatically using Comprehensive Lab Animal Monitoring System (CLAMS, Columbus Instruments Inc., Columbus, OH). For cold tolerance testing, mice were housed individually at 4°C (with food and water ad libitum, but without bedding). Rectal temperature was measured hourly using a Termalert (Physitemp, Clifton, NJ) rectal probe (35) .
Lipid Measurements in Adipose Tissue-Sphingolipids in extracts from gonadal adipose tissue were measured by HPLCtandem MS by the Lipidomics Core at the Medical University of South Carolina on a Thermo Finnigan (Waltham, MA) TSQ 7000 triple quadrupole mass spectrometer, operating in a multiple reaction monitoring-positive ionization mode as described (36) .
Triglyceride and phosphatidylcholine content of gonadal adipose tissue extracts were measured using colorimetric assay kits, and free fatty acids were measured with a fluorometric assay kit (all from Cayman Chemical).
Statistical Analysis-Unpaired Student's t tests were performed to compare results between different groups. p values of Յ0.05 were considered statistically significant. 
